With the synthesis of ortho-phenylene phosphinotritylium cations as an objective, we generated (2-lithiophenyl)diphenylphosphine and (2-lithiophenyl)di-isopropylphosphine and allowed these organolithium reagents to react with benzophenone. The resulting phosphino-triarylcarbinols were allowed to react with HBF 4 in the presence of trifluoroacetic anhydride in order to generate the corresponding cations. Instead of the targeted orthophenylene phosphino-tritylium, the cations formed in these reactions were identified as the four-membered phosphonium species 7,7-bis(phenyl)-8,8-bis(phenyl)-7-phosphoniabicyclo[4.2.0]octa-1,3,5-triene (3 + ) and 7,7-bis(phenyl)-8,8-bis(isopropyl)-7-phosphoniabicyclo[4.2.0]octa-1,3,5-triene (4 + ), which were both isolated as tetrafluoroborate salts. The structure of these compounds has been confirmed by X-ray analysis. These new cations are thermally unstable and isomerize into the corresponding 5,10-dihydro-5,5-diphenyl-10-phenyl-acridophosphinium (5 + ) and 5,10-dihydro-5,5-di(isopropyl)-10-phenyl-acridophosphinium (6 + ) as tetrafluoroborate salts. These reactions suggest the involvement of ortho-phenylene phosphino-tritylium cations, which would be obtained by dissociation of the R 3 P + -CAr 3 bonds in 4 + and 5 + .
This article is part of the themed issue 'Frustrated Lewis pair chemistry'.
Introduction
The discovery of frustrated Lewis pairs (FLPs) and the exploration of their potential for the activation of small molecules have led to the development of metal-free approaches to catalytic reactions [1] [2] [3] [4] [5] [6] [7] [8] [9] . In addition to bimolecular FLPs, a great deal of attention has been devoted to FLPs in which the acid and the base are integrated in the same molecule. Some of the first examples of such intramolecular FLPs investigated by the groups of Stephan and Erker were found to activate a variety of small molecules, including H 2 [10, 11] , leading to applications in hydrogenation catalysis [1] [2] [3] [4] [5] [6] [7] [8] [9] . While intramolecular FLPs have been constructed on a variety of scaffolds, one that has attracted broad attention because of its simplicity is the ortho-phenylene system. This backbone has been used for the construction of various phosphinoboranes, some of which have found applications in small-molecule activation and catalysis [12] [13] [14] [15] [16] . These ortho-phenylene-phosphinoboranes (A) have also been used as ligands for late transition metals, providing some of the first evidence for phosphorus-supported metal→boron interactions [17] [18] [19] [20] . Inspired by these results, several groups, including ours, have started to investigate derivatives that contain Lewis acids other than boron. Existing examples of such systems include a variety of compounds in which the Lewis acid is a group 13 [21] [22] [23] , 14 [24] [25] [26] [27] or 15 element [28] [29] [30] [31] [32] [33] [34] [35] . Remarkably absent from this list are orthophenylene phosphino-tritylium cations (B). As part of our longstanding interest in the chemistry of tritylium cations [36] [37] [38] [39] , we have now decided to investigate the synthesis and structures of such compounds.
Results and discussion
The metallation of (2-bromophenyl)diphenylphosphine and (2-bromophenyl)di-isopropylphosphine with n-butyllithium (n-BuLi), followed by the addition of benzophenone, afforded (2-(phosphino)phenyl)diphenylmethanol compounds 1 and 2, respectively (scheme 1 4 ] were stable in air. The lack of colour as well as the observed air stability suggested a possible intramolecular neutralization of the carbocationic centre by the phosphine group. This assumption was confirmed by the detection of a 31 P nuclear magnetic resonance (NMR) signal at 54.4 ppm for 3 + and 82.3 ppm for 4 + , in the range expected for phosphonium cations. The 1 H NMR spectra of 3 + and 4 + showed the expected orthophenylene backbone resonances in the 6-8 ppm range. The 13 C NMR signal of the CPh 2 centre appears as a doublet at 74.7 ppm ( 1 J C−P = 50.0 Hz) for 3 + and 70.4 ppm ( 1 J C−P = 43.5 Hz) for 4 + , again consistent with the formation of a P-C linkage, thus confirming the formation of bicyclic phosphonium species [40] [41] [42] .
The structures of these compounds, which were confirmed by single-crystal X-ray analysis, show the formation of strained four-membered rings, as illustrated for To gain a better understanding of the bond formed between the phosphine and the carbocationic centre, cation 4 + was selected as a representative example and its structure was optimized using density functional theory (DFT). For the purpose of comparison, the structure of the isoelectronic neutral borane o-i Pr 2 P(C 6 H 4 )BPh 2 (A ) was also computed. We will note in passing that this phosphinoborane is known [43] but that its crystal structure has not been reported. The optimization of 4 + produced a structure with a P(1)-C(1) bond distance of 1.901 Å, in very good agreement with that experimentally determined (1.9124(12) Å). To our surprise, the computed structure of the boron analogue is also characterized by a P-B bond connecting the phosphine to the boron centre, in agreement with the high-field NMR chemical shift of the 11 B nucleus (5 ppm) [43] . The resulting P-B bond (2.106 Å) is, however, longer than the P(1)-C(1) bond calculated for 4 + , in agreement with the larger size of boron and the weaker phosphine donation. To shed additional clarity on the nature of these interactions, 4 + and A were analysed using the natural bond orbital (NBO) method. As shown in figure 2, the NBO corresponding to the P-B bond in A is polarized towards the phosphorus atom (normalized orbital contributions: 66.7% P/33.2% B), suggesting the bond can be described as a P→B dative interaction. In the case of 4 + , the polarization is essentially flipped (normalized orbital contributions: 40.1% P/59.9% C), indicating extensive transfer of the phosphorus lone pair to the carbocation centre. This transfer is such that the most relevant dative representation (C→P) is one in which the carbon is the donor and the phosphorus is the acceptor. The polarization of this bond can be rationalized by invoking the slightly higher electropositivity of phosphorus when compared with carbon. Although derivative 3[BF 4 ] is an air-stable solid, it undergoes an unexpected isomerization when dissolved in chloroform or acetonitrile, forming the cyclic diphenylphosphino-methylium salt 5[BF 4 ] (scheme 2). This isomerization was monitored by 31 P NMR spectroscopy. The 31 P NMR signal shifted from 54.4 ppm to 3.2 ppm over 72 h, suggesting the formation of the new phosphonium derivative. The presence of a methine unit in 5 + was confirmed by detection of a doublet at 5.08 ppm ( 4 J H−P = 1.62 Hz) in the 1 H NMR spectrum, as well as a doublet at 52.9 ppm ( 3 J C−P = 9.07 Hz) in the 13 C NMR spectrum. By contrast, under ambient conditions, the highly strained cation 4 + is stable as a tetrafluoroborate salt in both the solid and solution phases. However, heating to 80°C in acetonitrile induced its isomerization into 6 + , as confirmed by the appearance of a new 31 P NMR resonance at 17.1 ppm. The methine unit in 6 + gives rise to a doublet at 5.93 ppm ( 4 J H−P = 3.76 Hz) in the 1 H NMR spectrum and a doublet at 50.7 ppm ( 3 J C−P = 8.58 Hz) in the 13 C NMR spectrum. These isomerization reactions can be viewed as the intramolecular version of the known reaction of P(iPr) 3 with the tritylium cation. As shown by Stephan [44] , this reaction does not lead to coordination of the phosphine to the carbocationic centre but rather leads to the formation of the phosphonium [(p-iPr 3 PC 6 H 4 )Ph 2 CH] + . The only difference in the case described herein is that the phosphorus nucleophile adds ortho rather than para to the carbocationic centre. The more rapid reaction observed in the case of 3 + can be correlated to the weaker donicity of the diphenylphosphino moiety and the more facile fission of the P(1)-C(1) bond. Finally, we tested the reactivity of the four-membered-ring-containing phosphino-methylium cations 3 + and 4 + with small molecules, including H 2 , CO 2 and N 2 O, as well as with late transition metal complexes such as (tht)AuCl (tht = tetrahydrothiophene) and Pd(PPh 3 ) 4 . Unfortunately, neither 3 + nor 4 + successfully activated the small molecules, nor did they act as ambiphilic ligands with transition metal complexes.
The crystal structure of the isomerized products confirms the formation of a six-membered phosphonium ring species, as illustrated for 6[BF 4 C (1) C (2) P (1) C (3) C (5) C(4) 
Conclusion
The phosphonium cations 3 + and 4 + have been successfully prepared as tetrafluoroborate salts and fully characterized. These salts feature short intramolecular P-C bonds, indicating that they do not possess the characteristics of FLPs as originally envisaged. This is especially true for the diisopropyl derivative 4 + , which is remarkably inert. Interestingly, 3 + undergoes an isomerization reaction when dissolved in organic solvents at room temperature, whereas 4 + is stable under the same conditions. The difference observed in the isomerization processes derives from the dissimilarity of the electron-donating ability of the phosphine ligand.
Material and methods (a) General consideration
(2-Bromophenyl)diphenylphosphine [45] and (2-bromophenyl)di-isopropyl phosphine [45] were synthesized according to the published procedure. Fluoroboric acid (HBF 4 ) and n-BuLi were purchased from Alfar Aesar; TFAA was purchased from Oakwood Products Inc.; benzophenone was purchased from J. T. Baker (Baker Analyzed). All chemicals were used without further purification. Solvents were dried by passing through an alumina column (CH 2 Cl 2 ) or refluxing under N 2 over Na/K (Et 2 O and tetrahydrofuran). Electrospray mass spectra were acquired from an MDS Sciex API QStar Pulsar. NMR spectra were recorded on Inova 300, Inova 400 and Inova 500B NMR spectrometers at ambient temperature. Chemical shifts are given in ppm, and are referenced to residual 1 H and 13 (2-Bromophenyl)diphenylphosphine (0.561 g, 1.65 mmol) was lithiated at 0°C in diethyl ether (10 ml) using 2.60 M n-BuLi in hexane (0.62 ml, 1.65 mmol). The solution was stirred at 0°C for 15 min, leading to the formation of the lithium salt as a colourless powder. The suspension was allowed to warm to room temperature, at which point benzophenone (0.300 g, 1.65 mmol) was added. After stirring overnight, the solvent was removed under vacuum. The residue was suspended in CH 2 Cl 2 (15 ml) and treated with a saturated NH 4 F aqueous solution (10 ml). The mixture was vigorously stirred for 1 h until all the residue had dissolved. The organic layer was collected and dried over MgSO 4 . The mixture was filtered to remove MgSO 4 and the solvent was removed under reduced pressure, yielding 1 as a colourless powder (0.483 g, 68% yield 4 ] were performed using a Bruker APEX-II CCD area detector diffractometer, with graphite-monochromated Mo-K α radiation (λ = 0.71069 Å). A specimen of suitable size and quality was selected and mounted onto a nylon loop. The semiempirical method SADABS was applied for absorption correction. The structure was solved by direct methods, and refined by the full-matrix least-square method against F 2 with the anisotropic temperature parameters for all non-hydrogen atoms. All H atoms were geometrically placed and refined using the riding model approximations [4] . Data reduction and further calculations were performed using the Bruker SAINT+ and SHELXTL NT program packages. The crystal data are included in the electronic supplementary material, tables S1-S4.
(g) Theoretical calculations
All structures were optimized starting from the crystal structure geometries, using DFT methods with the M062X functional [46] and mixed basis sets (cc-pVTZ for P and 6-31+g(d') for C, H, B). Cartesian coordinates of the optimized structures are provided in the supporting information. No imaginary frequencies were found for the optimized structures, indicating that a local minimum on the potential energy hypersurface had been reached. The optimized structures were also subjected to NBO [47] analysis. The NBOs were visualized and plotted in the Jimp2 program [48] . 
